Introduction
Current evolutionary theory predicts that the amount of resources a male should allocate to the production of gametes depends on the level and the type of sperm competition it experiences (Parker 1998) . Studies aimed at testing this theory have mainly used static measures of male allocation, such as testis weight (Warner and Robertson 1978; Harcourt et al. 1981; Møller 1988a Møller , 1988b Gage 1994 Gage , 1995 Pitnick and Markow 1994a; Petersen and Fischer 1996; Pitnick 1996; Hosken 1997 Hosken , 1998 Stockley et al. 1997; Simmons et al. 1999; Pitnick et al. 2001; Byrne et al. 2002) , testis area (TrouvØ et al. 1999; Schärer and Ladurner 2003) , testis volume (Pitnick and Markow 1994a; Johnston et al. 1998; , ejaculate volume (Møller 1988a (Møller , 1988b Stockley et al. 1997; Schärer and Robertson 1999) , ejaculate dry weight (Schärer and Robertson 1999) , caloric content of ejaculate (Schärer and Robertson 1999) , number of developing sperm in the testis (Pitnick and Markow 1994a; Pitnick 1996; Pitnick et al. 2001) , number of mature sperm in the testis (Yund et al. 1997) , number of sperm in ejaculate (Pitnick and Markow 1994a; Gage 1995; Pitnick 1996; Stockley et al. 1997; Baur et al. 1998; Schärer and Robertson 1999) , spermatophore size (Svärd and Wiklund 1989; Wiklund 1995, 1996; Baur et al. 1998; Vreys and Michiels 1998) , or protein content of spermatophores Wiklund 1995, 1996) . The choice of these static measures is guided by the rel-ative ease with which they can be obtained, rather than by a detailed knowledge of how they relate to resource allocation, which is a dynamic process.
A good analogy for the difference between a dynamic and a static measure is to consider what one can learn about the flow of a river by looking at a photograph of it. The mere presence of water on the photograph is not sufficient to conclude that it is flowing. And, whereas it is generally true that larger rivers have a larger flow, size alone can be a misleading measure. For example, a dam downstream from where we take the photograph would increase the size of the river while preventing the flow. Only by following the fate of a probe can we conclude that there is a flow through the system. Some studies attempt to address this problem by sequentially mating males to many females and estimating the total amount of sperm transferred as measure of sperm production rate (Pitnick and Markow 1994a, 1994b) . However, this approach is potentially confounded by mate choice, with females accepting more sperm from some males than from others (i.e. Pitnick and Markow 1994a) . Copulation rate has also been used, but males have been shown to run out of sperm in subsequent matings (Nakatsuru and Kramer 1982; Pitnick and Markow 1994b) , and to tailor the number of sperm released in subsequent matings to different conditions (Wedell et al. 2002) . So copulation rate alone may also not be a suitable measure for sperm-production rate.
Accurate data on sperm-production rates have only been collected in studies that investigate fertility in the context of contraception, toxicology and animal breeding, and they are limited to birds and mammals (de Reviers and Williams 1984; Cooke et al. 1996; Gupta et al. 1999) . Estimation of daily sperm-production rate is often based on the number of specific spermatogenetic stages in testicular homogenates (Amann 1970) . This approach is possible in higher vertebrates because vertebrate spermatogenesis is well understood, and because its duration can be accurately estimated. There are only a few studies on vertebrates that examined testis size and daily spermproduction rate in an evolutionary context. A comparative study in primates showed considerable variation in spermatogenic efficiency (i.e. spermatid production per unit of testicular tissue), but this variation was not explained by mating-system differences between the studied species (Wistuba et al. 2003) . In contrast, a nine-generation selection experiment for increased testis weight in pigs yielded both higher testis weight, and a higher relative and absolute daily sperm-production rate in the selected line compared to the control line (Johnson et al. 1994; Rathje et al. 1995) . Another study showed differences in spermatogenesis, testis morphology, testis size, and daily sperm-production rates in two species of rodents that differ in the level of sperm competition (Peirce and Breed 2001) . These studies suggest that factors other than testis weight may be selected by sperm competition, and that dynamic measures need to be considered.
Here we specifically aim at testing the relationship between a static measure of male reproductive allocation, namely testis area, and a dynamic measure, namely cellular activity in the testis. We are not aware of studies that have attempted to evaluate this fundamental assumption that is implicitly made in most empirical tests of spermcompetition theory. Two recent findings allow such an approach in Macrostomum sp., a free-living marine flatworm.
First, we have shown that worms can be experimentally manipulated to produce larger testes by raising them in groups instead of in pairs (Schärer and Ladurner 2003 ). This approach makes it possible to experimentally vary the static measure testis size in an otherwise homogenous population.
Second, S-phase cells (i.e. cells that are undergoing DNA duplication) in the testis of Macrostomum sp. can be labelled with the thymidine analogue 5-bromo-2 0 -deoxyuridine (further called BrdU), by incubating living worms in a solution of BrdU in artificial seawater (Ladurner et al. 2000) . S-phase cells in Macrostomum sp. are undifferentiated, potentially totipotent stem cells, and are localised in two lateral bands in a bilaterally symmetric fashion, with a cluster near the anterior parts of the testes and ovaries, respectively (Fig. 1A) . Stem cells represent the only proliferating cell population in Macrostomum sp., and all soma and germ cells differentiate from them (Ladurner et al. 2000) . It is important to note that the BrdU label is only incorporated in cells that are actively undergoing DNA synthesis and duplication, which are dynamic processes. According to the above analogy, BrdU labelling therefore only occurs "if the river is flowing". The number of BrdU-labelled cells in the testis can thus serve as a dynamic measure of testicular activity.
Methods

Study animal
Macrostomum sp. (Macrostomorpha, Platyhelminthes) is a freeliving marine flatworm, and a member of the interstitial sand fauna of the northern Adriatic Sea (Ladurner et al. 2000) . It is an outcrossing simultaneous hermaphrodite with reciprocal copulation (Schärer et al. 2004 ), reaches 1.5 mm in length when fully grown, and has a generation time of 18 days. It is transparent, allowing non-invasive measurement of the paired testes and other internal structures (Schärer and Ladurner 2003) . Mass cultures of Macrostomum sp. are maintained in an artificial seawater medium and fed with diatoms (Tyler 1981; Rieger et al. 1988 ).
Experiment
The experimental protocol under which the worms were raised for this study is similar to one reported earlier (Schärer and Ladurner 2003) , and thus we describe the methods only briefly here. Juvenile worms were collected from mass cultures and placed together in one dish. From there, we randomly distributed worms to one of four group sizes (pairs, triplets, quartets or octets). We achieved random assignment by pipetting individual worms to their assigned well according to a permutation of all the factor combinations, effectively avoiding sequence effects. Manipulation of group size successfully manipulates the number of sperm competitors (Schärer and Ladurner 2003) . In order to control for effects of density, groups were placed either in small or large enclosures (i.e. wells of 24-or 6-hole tissue culture plates with 1.5 or 6.0 ml medium, see Schärer and Ladurner 2003 for rationale). Each of the eight factor combinations was replicated six times (n=48). Worms were fed ad libitum and transferred to fresh wells on days 5, 8, 12 and 15.
Morphometry
On days 18 to 20, we morphometrically determined the area of the worm, the testes, the seminal vesicle (sperm to be used in copulations), and a received sperm score as previously reported (Schärer and Ladurner 2003) . Because our design keeps the number of potential sperm donors and sperm recipients constant, more received sperm in larger groups indicates a higher mating rate, and/or that more sperm are transferred per mating. The amount of received sperm should hence indicate the occurrence of sperm competition. A received sperm score was obtained from 107 worms, yielding a median received sperm score for 35 replicates. After measurement, worms were placed in fresh wells together with their original partners and in their original group sizes, and used for immunocytochemistry (see below). One worm was lost, and we excluded 3 worms that were malformed (lack or incomplete formation of copulatory organ), and 3 pair replicates in which only 1 worm survived, yielding morphological data for 184 worms in 45 replicates. Statistical analyses were done as previously reported and results confirmed earlier findings (Schärer and Ladurner 2003) . We here only present the novel findings.
Labelling and immunocytochemical localisation
All labelling steps were done in tissue-culture plates while worms remained with their original partners, and hence also in their original group sizes. Animals were labelled with BrdU (5-bromo-2 0 -deoxyuridine) (Sigma) on day 22 by 30 min incubation in 5 mm BrdU in medium. To arrest cells in metaphase, worms were then brought to 0.05% colchicine (Sigma) in medium (two wash steps) and kept in the dark without food. After 16 h, animals were relaxed in a mixture of 7.14% MgCl 2 and medium for 10 min and then fixed for 60-120 min in 4% paraformaldehyde in 0.1 m phosphate buffered saline (PBS). Fixed worms were washed twice with PBS, followed by a 60-min wash with PBS-T (i.e. PBS plus 0.1% Triton X-100). They were permeated with 0.15 g/ml Proteinase XIV at 37C. Proteinase activity was visually checked and stopped with cooled 0.1 N HCl. Animals were transferred first to 2 N HCl for 1 h at 37C, and then to 1 ml PBS-T (two wash steps) and blocked by adding 1 ml BSA-T for 30 min (i.e. PBS-T plus 1% bovine serum albumin). Cells that had incorporated BrdU were localised using a monoclonal mouse anti-BrdU antibody (Sigma) at 1:1,000 dilution in BSA-T overnight at 4C. At the same time, we stained with a rabbit anti-phosphorylated histone H3 antibody (Upstate Biotechnology) at 1:100 dilution. This antibody unspecifically stains the lumen of the testis (see Fig. 1A ), and greatly facilitates the assignment of BrdU-positive cells to the testis or other tissues. After 2 wash steps in PBS-T, the secondary goat-anti-mouse FITC-and pig-anti-rabbit TRITC-conjugated antibodies (both DAKO) were applied for 1 h at room temperature at 1:100 and 1:150 dilutions in BSA-T, respectively. After two wash steps in PBS-T, animals were individually mounted on randomly numbered microscope slides using Vectashield (Vector Laboratories), thereby allowing further blind analysis.
Quantification of labelled cells
One testis of one worm per replicate was chosen at random for quantification of testicular activity (i.e. twice the number of BrdUpositive S-phase cells in the chosen testis). BrdU-positive S-phase cells were visualised with a Zeiss LSM 510 confocal laser-scanning microscope with a Plan Neofluoar 40/1.3 oil objective. We made z-stacks of between 18 and 61 slices (each 512512 pixels) of 0.4 or 0.5 m thickness (Fig. 1A) , and counted the cells in 3 dimensions using the public domain software Object-Image (available at http://simon.bio.uva.nl/object-image.html). An optical slice from a z-stack of a worm stained for 24 h with 2 m of the vital stain CellTracker CMFDA (Molecular Probes) in medium shows the anatomy more clearly (Fig. 1B) .
Statistical analysis
Forty of the 45 morphologically measured replicates yielded worms with countable testicular S-phase cells (pairs, n=7; triplets, n=11; quartets, n=11; octets, n=11). We first checked how testicular activity was related to the mean testis size of worms within a replicate. We use mean testis size because of the fact that we, after the morphometric measurement, placed worms with their original partners and in their original group sizes, and because we therefore could not keep track of the identity of individual worms. We further checked for a correlation between testicular activity and the median received sperm score of the worms of a replicate (pairs, n=7; triplets, n=7; quartets, n=8; octets, n=9). Such a relationship, if positive, would indicate that active testes are more productive, and that more sperm are transferred when testes are more active. Then, in order to see if the variation in testicular activity was attributable to our experimental treatment, we analysed the data with a fully factorial two-way ANCOVA with the group size and enclosure size as factors, the mean time of removal from their wells and the mean size of the worms in the replicate as the covariates, and testicular activity as the dependent variable.
Results
The average testis area per replicate was strongly correlated to our measure of testicular activity (Fig. 2, Pearson  r=0 .57, P<0.001, n=40), showing that larger testes are indeed more active. Moreover, the relationship was approximately linear, so that in Macrostomum sp., testis area is a good measure of male reproductive allocation to the testis. This relationship was not only due to natural variation in male allocation between different worms, because a significant amount of variation in testicular activity was explained by the experimental factor group size (Fig. 3, Thus our experiment successfully manipulated male reproductive allocation. There was also a significant correlation between testicular activity and the median received sperm score per replicate (Fig. 4 , Spearman r s =0.50, P=0.004, n=31), showing that more sperm are transferred when testicular activity is high.
Discussion
We show that in the marine flatworm Macrostomum sp., BrdU-labelling can be used to estimate a dynamic measure of male allocation, namely the number of testicular stem cells in S-phase. This measure correlated positively with the mean testis size of worms in a replicate (Fig. 2) , thus lending support to the frequently made, but so far untested, assumption that testis size is a useful measure of male reproductive allocation. Moreover, the observed variation in testicular activity was partly explained by the treatments of our experiment (Fig. 3) . Testicular activity was significantly higher in worms that grew up in larger groups, but was not affected by enclosure size, and thus the observed differences are not due to density effects (c.f. Schärer and Ladurner 2003) . Although the testicular activity in worms from groups of eight in large wells appeared lower, the lack of an interaction effect between group and well size shows that this difference was not significant. Together, this suggests that the cause for the larger testis size observed in larger groups in this worm may be the increased cellular activity in response to the higher mating-group size in larger groups. This is further supported by the fact that the median amount of sperm transferred between worms was also strongly correlated with testicular activity (Fig. 4) .
The relationship between testis area and testicular activity was approximately linear, so that in Macrostomum sp., testis area is a good estimate of male allocation. Testis area was estimated while the worms were squeezed between two glass plates in a standardised way (Schärer Fig. 2 Correlation between mean testis size per replicate and testicular activity Fig. 3 Effect of group size (x-axis) and enclosure size (white bars, small; grey bars, large) on testicular activity. We show the least squares means (€1 SE) of the two-way ANOVA. See text for statistics Fig. 4 Correlation between the testicular activity and the median received sperm score per replicate. Some jitter was added to visualise overlapping points and Ladurner 2003) , and hence testis area is expected to represent testis volume well. However, the measure of testis size used here represented an average per replicate, whereas the testicular activity was estimated on the basis of only one randomly chosen worm per replicate. The actual correlation between testis area and testicular activity within individual worms may hence be stronger. Direct measurement of testis size after labelling was not done because the permeation and denaturation steps required for immunocytochemical localisation of BrdU strongly affect the size of the organs. So although we find support for a linear relationship between testis size and testicular activity, we consider it worthwhile that this relationship be evaluated in other organisms.
Recent work has provided the first experimental evidence for the evolution of male reproductive traits under different levels of sexual selection. Experimental removal of sexual selection, and hence removal of sperm competition, did lead to changes in testis size in two species of Diptera Pitnick et al. 2001; Snook 2001 ). However, sperm-production efficiency can differ between closely related species (Peirce and Breed 2001) and such a difference can appear as a correlated response to directional selection on testis size (Rathje et al. 1995) . In other words, the number of sperm that can be produced by a given amount of testicular tissue may be under selection with, for example, sperm competition selecting for a more efficient testis. This suggests that it would be interesting to determine if sperm-production parameters other than testis size are affected by such experimental evolution experiments.
Furthermore, in mammals, the testis is not only the site of sperm production, but is also involved in the production of male hormones. A recent study on capybara revealed that, although dominant males had larger testes, the testis size was more closely correlated to the size of the androgen-dependent scent glands than to the amount of spermatogenic tissue in the testis (Moreira et al. 1997) . Although scent glands probably also represent male reproductive investment, the possibility for multiple functions of the testis calls for an independent assessment of the relationship between testis size and sperm production.
Finally, rapid modulation of stem-cell activity in response to feeding after starvation has previously been observed in Macrostomum sp. (Nimeth et al. 2004) . Worms that were fed after 30 days of starvation showed a 24-fold increase in the number of S-phase cells after just 2 h of feeding. This indicates that the activity of the stemcell population is highly dynamic. Increased stem-cell proliferation in the testis of Macrostomum sp. should be one of the first steps in the upregulation of sperm production. Indeed, it has been postulated that the stem cells of flatworms have receptors for a variety of neuropeptides (Baguaea et al. 1989) . Stem cells may thus be able to react to sensory stimuli that occur inside the worm (such as, for example, the fill grade of the seminal vesicle) or stimuli that occur in the environment of the worms (such as dissolved substances in the water). BrdU-labelling is thus a suitable tool to uncover the sensory basis of the phenotypically plastic response to increased mating-group size (Schärer and Ladurner 2003) . It should be a powerful tool to illuminate the physiological, developmental and biochemical changes that accompany modulation in male allocation in response to sperm competition and sexual selection (Snook 2001) .
